A relative measurement of total cross-sections is reported for polyethylene, marble, iron, and lead targets for the inclusive charged-current reaction νµ + N → µ − + X. The targets, passive blocks of ∼ 100 kg each, were exposed simultaneously to the CERN SPS wide-band muon-neutrino beam over a period of 18 weeks. Systematic effects due to differences in the neutrino flux and detector efficiency for the different target locations were minimised by changing the position of the four targets on their support about every two weeks. The relative neutrino fluxes on the targets were monitored within the same experiment using charged-current interactions in the calorimeter positioned directly downstream of the four targets. From a fit to the Z/A dependence of the total cross-sections a value is deduced for the effective neutron-to-proton cross-section ratio.
Introduction
The charged-current (CC) interaction of muon-neutrinos (ν µ ) with nucleons ν µ + N → µ − + X has been studied at accelerators for many years. The ν µ CC total cross-section per nucleon has been found to rise linearly with the neutrino energy E ν , and the coefficient of proportionality for an isoscalar target, σ iso T (νN )/E ν , is known today with 2% accuracy [1] [2] [3] [4] . In order to deduce σ iso T (νN )/E ν from measurements on nuclei of atomic mass A, in general an appropriate correction needs to be applied to account for the non-isoscalarity of the target.
In previous experiments σ(νn), σ(νp) and σ(νn)/σ(νp) have been measured. In bubble chamber experiments it was possible to distinguish neutrino interactions on neutrons and protons in deuterium [5] [6] [7] and in freon [8] targets. The absolute value of σ(νp) was measured indirectly from interactions in hydrogen and a heavier target, neon [9] or iron [10] . All measurements are in good agreement with each other.
The CHORUS neutrino experiment (designed primarily for a neutrino oscillation search) collected data from spring 1994 to autumn 1998. The 1998 data-taking was entirely devoted to studies of cross-sections and structure functions [11] . Here we report on a part of this programme, namely relative measurements of the ν µ CC total cross-sections for polyethylene, marble, iron and lead, using a new and straightforward measurement and analysis technique. These measurements of the cross-section ratios allow the Z/A-dependence of the total cross-section to be determined directly and, as a consequence, the effective neutron-to-proton cross-section ratio to be extracted. The results are compared with predictions obtained by a parametrisation of the quark densities in free nucleons [12] [13] [14] . The signature for the neutrino CC interaction ν µ + N → µ − + X is a muon accompanied in most cases by a shower (X) of hadrons. Only the measurements of quantities related to the outgoing muon are required in this analysis. This method therefore eliminates systematic effects which would otherwise be introduced by the different target materials on the measurements of the hadronic final state. Quasi-elastic and resonance production are included in addition to the dominant deep-inelastic scattering (DIS) events.
Experimental set-up
A sketch of the experimental apparatus is shown in Fig. 1 . Only part of the CHORUS detector is used, namely trigger hodoscopes, a tracking system made of honeycomb chambers, a calorimeter and a muon spectrometer. The other components of the CHORUS detector were not used in this measurement, but some of these remained in place. The data used in this analysis were acquired in 1998 when a set of four targets consisting of polyethylene, marble, iron and lead was added to the CHORUS detector. The apparatus was exposed to the wide-band neutrino beam produced by 450 GeV/c protons from the CERN SPS. The average ν µ energy is 27 GeV. The contamination of ν µ is about 6% [15] .
The four targets were positioned with their midplane perpendicular to the neutrino beam between the planes T and H of the trigger hodoscope (see Fig. 1 ). The targets were arranged in two columns and two rows, transversely separated by 20 cm air gaps. The blocks had the same transverse cross-section (50 × 50 cm 2 ) and approximately the same mass (∼ 100 kg). In this way comparable statistics and a clear separation of the interactions from each target could be obtained. The properties of the target materials are summarised in Table 1 .
The targets were placed on a light aluminium support. To minimise systematic effects due to variations in the neutrino flux and detector efficiency for the different target locations, the positions of the four targets on the support were changed about every two weeks.
The construction and performance of the various detectors are described in detail in [15] and we recall here only the points relevant for this analysis.
Just downstream of the targets and the H-hodoscope plane, the honeycomb tracker (HC) [16] provides tracking information. The tracker consists of three modules with wires oriented at 0
• , 60
• , and 120
• with respect to the horizontal. Each module has six planes of drift tubes with hexagonal cross-section and a wire spacing of ∼ 1 cm.
Further downstream, the lead-scintillator calorimeter [17] serves different purposes for this analysis: tracking of muons and recording of muon-neutrino CC interactions to calibrate the incoming neutrino flux at the four target locations. The calorimeter consists of fourteen planes of different thickness and granularity. Planes are perpen-dicular to the beam direction with scintillation strips oriented alternately horizontally and vertically. Eleven sets of streamer tubes are installed between the lead planes. Each set consists of one plane with vertical wires and one with horizontal wires.
The role of the muon spectrometer [15] , situated downstream of the calorimeter, is to identify muons and to determine their trajectory, momentum, and charge. It consists of six toroidal iron magnets (TM), instrumented with scintillators, and tracking detectors composed of drift chambers (DC) and streamer tubes (ST). The systematic bias in the reconstructed momentum does not exceed 2.5% [11] . For muons within the acceptance the average momentum resolution is about 15-17% and the probability to misidentify the sign of the charge is below 0.2%.
Five planes of scintillator hodoscopes (labelled A, V, E, T, H) were used for on-line triggering and analysis purposes. The configuration of these hodoscopes is shown in Fig. 1 and a detailed description of their design and performance is given in [18] . Only those properties which are essential for an understanding of this analysis will be mentioned here. The T-hodoscope system was made of two staggered planes of scintillator strips, coupled at both ends to a photomultiplier and oriented horizontally. It was located 93 cm upstream of the midplane of the four targets. The H-hodoscope system consisted of two staggered planes with photomultipliers at one end only. The photomultipliers of the second plane were coupled at the opposite end to those of the first plane. The H-hodoscope system was positioned in front of the honeycomb tracker, 87 cm downstream of the four targets. The pulse height of the photomultiplier signals was measured by ADCs and in addition a bit was stored for each signal exceeding the discriminator threshold. The time difference between a Tand an H-hit was used to provide a separation between forward going particles (e.g. muons created in the material upstream of the targets) and backward going particles. To acquire timing information TDCs with 64 µs dynamic range and a resolution of 1 ns were used. A high-intensity 100 GeV/c muon beam was used for precise "time-zero" calibration at the beginning of the data collection period.
Event selection
The on-line trigger system selects interactions in the four targets and in the calorimeter simultaneously. The trigger logic required signals consistent with a track in the calorimeter and the spectrometer, as well as the absence of activity in the V-and A-planes which therefore vetoes beam-related muons. A fiducial volume condition is satisfied if three or more of calorimeter planes seven to twelve are hit in their central parts. In addition, at least one plane of each orientation should have a hit. A penetration condition requires signals in at least two magnets of the muon spectrometer. In special timing and calibration runs the V-plane is used as a requirement in the trigger to select beam muons.
The data are recorded in periods which differ according to the configuration of the group of targets. The number of protons on target corresponding to this period of datataking is 0.54 × 10
19 roughly equally distributed among the configurations. A two-day period with the target blocks removed (empty-target period) was taken to evaluate and subtract the background due to neutrino interactions in the materials surrounding the targets.
The event reconstruction starts in the spectrometer, in an environment with relatively low track density. Information from the drift chambers and the streamer tubes is used to form muon track candidates. The tracking algorithm (see for example [19] ) takes into account the magnetic field as well as the energy loss and multiple Coulomb scattering, and yields the momentum and direction of muons at the upstream face of the spectrometer. Initial track parameters with their error matrices are propagated from the spectrometer in the upstream direction using the streamer-tube planes of the calorimeter and the drifttube planes of the honeycomb tracker. Straight line extrapolations from the downstream detectors are used to determine impact parameters of the muon at the H and T counters and the four-target midplane. In total about 4.0 × 10 6 muon tracks are reconstructed and extrapolated to the four-target midplane. If more than one muon track is found in the spectrometer, the one with the highest momentum is taken.
After reconstruction of the muon track, the information of the H-plane is used to separate events with their origin in the targets from those originating in the calorimeter, referred to as the four-target and the calorimeter sample, respectively. Muons generated in the calorimeter are used for the relative normalisation of the different fourtarget subsamples.
The accumulated statistics in the two distinct samples is given in Table 2 . Events are first divided into five groups according to the target configuration periods. For each of the periods, the four-target sample is selected by requiring at least one hit in at least one of the two H trigger counters.
The following additional cuts are applied to the two samples. Interactions by incident neutrinos are selected by requiring muons with negative charge. To reject punchthrough hadrons in the muon spectrometer as well as secondary muons from hadron decay, and to ensure correct charge determination and high reconstruction efficiency, the muon momentum at the entrance of the spectrometer is required to be larger than 4 GeV/c (this implies an effective cut of ≈ 6 GeV/c at the interaction vertex since muons have to traverse the calorimeter before being measured in the spectrometer). It was checked with a simulation that the difference in energy loss in the different materials of the four targets has a negligible effect (less than 0.1% of the events) on this selection.
From the calorimeter sample, events with no hits along the track in the HC-planes are selected for the normalisation. This requirement ensures that the muon is not produced in one of the targets. Events with their origin in the calorimeter and a backward going charged particle would still be erroneously assigned to the four-target sample. Requiring more than seven hits along the muon track in the honeycomb tracker, with at least three hits in at least two modules, allows optimal separation of four-target events from calorimeter events with backscattering. Any remaining background contribution from the calorimeter is subtracted implicitly using the empty-target data.
To be accepted as a candidate with its origin in the four targets, a muon must extrapolate to the sensitive area of the T-plane within a region which is 10 cm wider than the actual target area. The effect of this selection is shown on the line labelled "T geometry" in Table 2 .
An event is rejected if there is a hit located within a 3σ road around the muon impact points at the T-plane and the H-plane and if the time difference between the two hits is consistent with a relativistic particle crossing the four-target set-up (Fig. 2) . This strongly suppresses the main peak due to muons traversing the four-target set-up, while most of the T-H coincidences due to backscattering from the four targets are preserved in the much lower and broader peak that remains.
Four squares of 53 cm sides are defined at the midplane of the target set-up, each corresponding to one target position (see Fig. 1 ). Events belonging to the four-target sample are assigned to a specific target on the basis of their predicted geometrical impact point at this plane. Similarly, for the calorimeter sample events are assigned to normalisation samples corresponding to the four different targets again on the basis of their geometrical location. The neutrino flux is therefore monitored by the CC event rate in the calorimeter for each target position separately. The normalisation of the empty-target sample is also based on the corresponding events in the calorimeter. The distribution of the impact points is shown in Fig. 3 , which demonstrates the geometrical separation of events.
Results and discussion
Experimentally, the neutrino CC total cross-section per nucleon may be written as σ
where N µ is the number of muons produced in the target, Φ ν is the number of incident neutrinos integrated over the energy spectrum and area, and ρ N the thickness of the target in nucleons per cm 2 . The integrated neutrino flux Φ ν is not measured in this experiment, therefore it is not possible to obtain absolute cross-sections. Furthermore, relative knowledge of the neutrino flux is needed when 
where the index i = 1, 2, 3, 4 runs over the four possible positions, and j gives the target material (polyethylene, marble, iron or lead); j = 0 refers to the empty-target configuration, and where
Mi0 . The results for σ A (νN )/C are given in Table 3 and plotted as a function of Z/A in Fig. 4 . Both statistical and systematic errors are quoted in Table 3 . The cor- Table 4 . Sources of systematic errors and their contribution to the error of the cross-section ratios and the neutron-to-proton cross-section ratio. related statistical error introduced by the empty-target background subtraction is given separately from the statistical error on the target counts. Also given in Table 3 , for ease of comparison with other experiments, is the ratio of cross-sections relative to marble, which is isoscalar. The individual sources of systematic uncertainty are given in Table 4 . The two statistical errors are summed quadratically and plotted in Fig. 4 for each target. The measurement of the Z/A-dependence is a direct experimental result and thus it is independent of models describing neutrino-nucleus cross-sections. These experimental results can be interpreted in terms of an effective cross-section ratio σ(νn)/σ(νp) sampled with the acceptance of the present detector exposed to the CERN neutrino beam. To obtain σ(νn)/σ(νp) it is assumed that the neutrino-nucleus total cross-section is an incoherent weighted sum of the neutron and proton cross-sections. The cross-section per nucleon is then a linear function of Z/A with two parameters: σ(νA)/A = (Z/A)p1 + p2, where p1 = σ(νp) − σ(νn) and p2 = σ(νn).
The solid line in Fig. 4 represents the best linear fit to the four data points, from which the value σ(νn) σ(νp) = 1.71 ± 0.22 stat ± 0.08 syst (2) for the effective neutron-to-proton cross-section ratio is obtained. Systematic errors have been evaluated by repeating the same analysis with variations on the selections reflecting the uncertainties. Contributions to the uncertainties in the relative cross-section measurements and the σ(νn)/σ(νp) uncertainty are listed in Table 4 . A parton model calculation was performed using a set of quark distribution functions (GRV98LO [12] ) available from PDFLIB [13] and modified according to the model described in [14] . This model uses a new improved scaling variable and adds modifications in order to describe crosssections at both very low and high energies. Quasi-elastic scattering, resonance production, longitudinal structure function, radiative corrections ( [20] ) and nuclear effects are taken into account in the calculations. The model calculation predicts for the neutron-to-proton cross-section ratio a value of 1.87 for our energy spectrum and for a detector with full acceptance. Table 5 . Small differences between the experiments may be understood by their different energy spectra and kinematic acceptances. The largest effect arises from the x-dependence of σ(νn)/ σ(νp), which in turn translates into a dependence on θ µ . As an illustration, we obtain a value of 1.82 using the model described above with the angular acceptance for this experiment. The predictions of the quark model are plotted as a function of Z/A (open dots) in Fig. 4 for the acceptance of this experiment. They are scaled so that the model prediction coincides with the measured point for marble. For ease of comparison of the data with other models the acceptance is shown in Fig. 5 . The effective cut of 6 GeV/c applied on the muon momentum has a negligible effect on the predicted ratio.
Although some of the errors of the experiments quoted in Table 5 appear to be smaller, they are of different nature than the ones in the measurement presented here. In the bubble chamber experiments with a single liquid [5] [6] [7] [8] , the events had to be separated as an interaction on a neutron to a proton on the basis of the event topology. The systematic errors quoted in the deuterium events [5] [6] [7] are therefore correlated, while in a heavier liquid (CF 3 Br [8] ) one would expect a larger uncertainty. It should also be noted that the average neutrino energy in the SKAT experiment is 7 GeV, much lower than the average energy of the beam used in this experiment which is similar to the beam used for the other experiments quoted. The experiments where a hydrogen target is compared with a nuclear target [9, 10] have other uncertainties since the interactions from the two different targets cannot be treated in an identical way. The result of the CDHS experiment is not directly quoted in their paper, but was derived indirectly by us. A calculation using a model for nuclear effects [13, 21] predicts a change of σ(νn)/σ(νp) by less than 1%. Nuclear corrections to the quasi-elastic and resonance production cross-section [22] increase the estimate of σ(νn)/σ(νp) by less than 5%. Therefore, measurement errors do not allow us to draw definite conclusions about possible nuclear and other effects which might affect the cross-sections on neutrons and protons.
Summary and conclusions
Relative measurements of muon-neutrino charged-current (CC) total cross-sections for several nuclear targets were performed for the first time within the same experiment. Due measures have been taken during the running and analysis stages of the experiment to minimise the effect of systematic errors on the results of this measurement: -events were assigned as originating from the different targets on the basis of geometrical criteria; -only muons were used in the event reconstruction; -the targets were exposed simultaneously to the neutrino beam; -the targets were rotated among the four positions to avoid differences in acceptance; -an empty-target period was recorded and used for background subtraction; -neutrino CC interactions in the calorimeter were taken simultaneously with the four-target data and used for internal monitoring of the neutrino flux and for relative normalisation of the events in the four targets.
Owing to the experimental method used, the cross-sections on the different materials have been measured completely symmetrically. It should be stressed that the separation of events according to their origin in the different materials was based on purely geometrical criteria. Therefore, the results do not depend on model-dependent corrections which may introduce unknown systematic errors. The relative CC total cross-sections per nucleon on polyethylene, marble, iron, and lead targets were measured and the Z/A dependence found to be in agreement with predictions obtained with a parton model calculation using a parametrisation of quark densities in free nucleons. The neutron-to-proton cross-section ratio was deduced from a fit to the Z/A dependence of the measured relative CC total cross-sections for the four target materials. The result is in agreement with the data from previous experiments within the measurement uncertainties. It also agrees with predictions obtained by the parton model calculation mentioned above.
